The start sites for transcription and translation of a Bacillus subtilis spore coat protein gene, cotT, were determined. The CotT protein was synthesized as a 10.1-kDa precursor which was processed to a coat polypeptide of 7.8 kDa. Insertional inactivation of the cotT gene resulted in spores with an altered appearance of the inner coat layers and slow germination in response to a germination solution containing fructose, glucose, and asparagine. Rates of germination in L-alanine and in Penassay broth were the same as that of the wild type. A strain containing the cotT gene on a low-copy-number plasmid produced spores with an excess of CotT precursor and a thickening of the striated inner coat. These spores responded poorly to al of the germinants mentioned above. A site-directed mutation of the codon at the processing site of CotT resulted in the accumulation of the precursor in sporulating cells and on the spores, but there was no effect on the germination rates or solvent resistance of these spores. Both the lack and the overproduction of CotT led to subtle alterations in the structure of the inner spore coat and in the capacity of spores to respond to particular germinants.
Endospores of Bacillus species are encased in a proteinaceous coat which is involved in protection from adverse external conditions and in the spore's ability to respond to the presence of germinants (1, 5, 18) . Spore coat structure differs widely throughout the genus (1, 13) . In Bacillus subtilis, it consists of a group of 10 to 20 extractable polypeptides which range from 5 to 65 kDa (10, 15, 22) and of an insoluble proteinaceous fraction which may constitute as much as 30% of the total spore coat protein (22) . In contrast, spore coats of Bacillus cereus and Bacillus megaterium consist predominantly of a few major low-molecularweight species (1, 27) .
The reason for the complexity of the B. subtilis spore coat and the process of assembly are as yet unknown. Individual spore coat protein genes have been cloned and analyzed (2, 6, 30) as a preliminary step in this analysis. Many of the polypeptides are small and have unusual amino acid compositions which frequently include regions of repeating amino acid sequences. With the exception of cotE (30) , deletion of individual genes has resulted in little alteration of spore coat structure, spore resistance, or germination properties (6) .
The CotT protein is of interest both because it is a prevalent low-molecular-weight spore coat polypeptide (10) , which may also be a component of the coat insoluble fraction (8) , and because it is processed from a precursor (2) . In this paper, we report the results of further investigations of the transcription of the cotT gene and of mutagenesis of the precursor-processing site. In addition, we examined the effects both of deletions of cotT and of extra copies of this gene on spore coat structure, spore resistance properties, and the ability of the spores to respond to germinants. Research Institute. The 1.2-kb HindIll fragment containing the cotT gene (2) was ligated to pHP13 (11) and transformed first into Escherichia coli HB101 and subsequently into B. subtilis JH642 to create strain JH642/T5A. The shuttle vector pHP13 is maintained in high copy number in E. coli but is present at five or six copies per genome in B. subtilis (11) . The B. subtilis integration vector pDE194 has been described elsewhere (7) .
Preparation of RNA and primer extension analysis. Total RNA was prepared from sporulating cells of strain JH642/ T5A grown in nutrient sporulation medium (NSM) (25) until at least 60% contained phase-bright endospores by the method described previously (2) . The primer extension technique used was modified from that described by Ferrari et al. (9) . The primer used was an 18-base oligonucleotide complementary to nucleotides 320 to 337 of the cotT gene (see Fig. 2 ). Primer (100 ng) and RNA (50 p.g) were dissolved in 9 ,ul of 50 mM Tris-HCl-1 mM EDTA-0.4 M NaCI, pH 8.0, and the solution was heated to 95°C for 2 min and allowed to cool slowly to room temperature. Following ethanol precipitation, the pellet was resuspended in 5 p.l of diethylpyrocarbonate-treated water and incubated at 42°C for 2 h in 30 ,ul of a reaction mixture containing 100 mM Tris-HCl (pH 8.3), 140 mM KCl, 10 mM dithiothreitol, 10 mM MgCl2, 1 mM each deoxynucleotide triphosphate, and 20 U of reverse transcriptase (Promega). The reaction was stopped with 3 p.l of 0.2 M EDTA, and 2 volumes of absolute ethanol were added. The dried pellet was resuspended in 4 ,u1 of diethylpyrocarbonate-treated water plus 2 ,u1 of a solution consisting of 99% formamide, 0.1% xylene, 0.1% bromphenol blue, and 5 mM EDTA, and the suspension was stored frozen. The same oligonucleotide primer was used for dideoxy DNA sequencing (Sequenase). All samples were heated at 90°C for 3 min, loaded, and run in parallel on sequencing gels.
Site-directed mutagenesis. Site-directed mutagenesis (16, 17) of the cotT gene was done by using an 18-base oligonucleotide complementary to nucleotides 332 to 349 (see Fig.  2) , except that the G at 339 was changed to a T, resulting in an R91g mutation. This mutation was confirmed by sequenc-ing, and the altered fragment was subcloned into pDE194 for integration into the B. subtilis JH642 chromosome. Chloramphenicol-resistant transformants were selected, and diploidy for the cotT gene was confirmed by Southern hybridization of HindIII-digested DNA. The diploid was subcultured several times in NSM in the absence of chloramphenicol. Cells were plated on NSM agar, and chloramphenicolsensitive revertants were picked after replica plating to NSM plus 5 jig of chloramphenicol ml-l. The presence of a single copy of the cotT gene was confirmed by Southern hybridization, as described above. Several such revertants were then checked for the presence of CotT antigen in extracts of sporulating cells and spores. One strain which had accumulated only CotT precursor was further studied. The cotT gene was cloned from this strain as a 1.2-kb HindIII fragment (2) and sequenced through the mutated region.
Preparation and purification of spores. Spores were produced by growth in NSM medium (25) in a shaker incubator at 37°C for 48 h. They were harvested by centrifugation, washed once in 1 M NaCI and once in deionized water, and resuspended in 0.05 M Tris-HCI, pH 7.6, containing 100 ,ug of lysozyme ml-l. After incubation at 37°C for 60 min, preparations were checked in the phase-contrast microscope to ensure that vegetative cells had been lysed. Spores were then purified by centrifugation through Renografin (Squibb) (8) . Purified spores were either stored in 0.05 M Tris-HCl, pH 7.6, at 4°C or were lyophilized and stored at -20°C. Protein was extracted from purified whole spores as previously described for spore coats (2), and a portion was precipitated with 12% trichloroacetic acid. Following centrifugation at 12,000 x g for 10 min, pellets were dissolved in 0.2 M NaOH for protein determination with the bicinchoninic acid reagent (Pierce).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. Spore extracts (10 ,ug per lane) were fractionated on 20% polyacrylamide-SDS slab gels containing 8 M urea, as previously described (2) . Extracts of sporulating cells were prepared as previously described (2) , and 50 ,ug of protein was electrophoresed. Samples were heated at 90°C for 2 min immediately before being loaded. Electrophoresis was performed at 35 V for 12 to 15 h until a bromphenol blue tracking dye marker had reached the bottom of the gel. Gels were either stained with Coomassie blue or used for immunoblotting (2) .
Protein sequencing. Extracts of B. subtilis JH642/T5A spores were separated on 20% polyacrylamide-SDS gels containing 8 M urea which had undergone preelectrophoresis in Tris-glycine-SDS buffer containing 0.1 mM thioglycolate (20) . Proteins were transferred to polyvinylidene difluoride (Millipore) membranes by the method of Matsudaira (20) , except that transfer was at 1.5 V for 60 min. Following transfer, the polyvinylidene difluoride membrane was stained with Coomassie blue R-250 in 50% methanol for 5 min, destained in 50% methanol-10% acetic acid until the bands were resolved, washed in deionized water for 10 min, and air dried. Protein bands were immediately excised with a razor blade and stored at -20°C until sequenced by the Purdue Laboratory for Macromolecular Structure.
Spore resistance characteristics. Spores were suspended in 0.05 M Tris, pH 7.6, and viable counts on NSM plates were determined. Heat resistance was assessed by heating spore suspensions to 800C for 20 min. Lysozyme resistance was determined by exposure to 100 jig of lysozyme ml-l at 370C, by monitoring of the decrease in optical density at 600 nm for 60 min, and by examination for phase-dark spores with the phase microscope. Solvent resistance was determined by shaking spore suspensions (1 x (19) . B. subtilis was transformed as described previously (2) . Electron microscopic procedures were as described by Zheng et al. (29) .
RESULTS
Transcription and translation of cotT. The sequence of the complete open reading frame of the cotT gene has been reported elsewhere (2) . There was a weak signal in S1 mapping, and there was no evident ribosome binding site, so the site for transcription initiation was determined with RNA from a strain containing extra copies of cotT (JH642/TSA) and reverse transcriptase (Fig. 1) . The and the predicted translation start site, a TTG codon, are shown in Fig. 2 . This site has subsequently been confirmed by employing RNA from late-sporulating B. subtilis JH642 cells. Support for translation initiation at this cQdon was provided by sequencing the large CotT precursor. There were two presumptive precursors present in immunoblots of spore extracts from late-sporulating cells of strain JH642/ TSA (Fig. 3, lane 8) . The larger precursor was electroblotted onto a polyvinylidene difluoride membrane, excised, and sequenced (--Y P L N E Q S F E). The first two cycles did not provide definitive results, but the sequence which followed fit initiation at the TTG codon. The predicted size of this precursor was 10.1 kDa, but the electrophoretic mobility was similar to that of lysozyme (14.4 kDa), possibly because of the unusual amino acid composition. As previously discussed (2), the site of processing was established by sequencmg of the mature CotT protein.
Construction of a cofT deletion strain. The 213-bp AluIRsaI cotT fragment (bases 267 to 480 in Fig. 2 ) cloned into the integratiQn vector pDE194 was transformed into B. subtilis JH642. Recombination within this cloned region and the chromosomal cotT gene resulted in integration of the vector into the chromosome and production of two incomplete gene copies (4) . The first of these contained the promoter region and part of the protein-coding sequence but lacked the region encoding the carboxyl portion of the protein. The second copy, although intact, lacked the promoter region (Fig. 2) . Following selection for chloramphenicol resistance, this construct (NB200) was confirmed by hybridizing HindIII-digested DNA to the 1.2-kb HindIII cotT gene fragment. There was one band of 1.2 kb from DNA from the parental strain which hybridized, whereas NB200 DNA contained two hybridizing bands of 1.4 and 3.6 kb, as expected for integration of the cloned fragment plus the vector (3).
There was no detectable CotT protein upon SDS-PAGE of spore coat extracts of NB200 spores (Fig. 3, lanes 2 and 7) or in immunoblots of extracts from late-sporulating cells (Fig.  4) . In addition, electron micrographs of spore sections differed from those of the wild type in that the multilayered inner coat was reduced and lower in contrast ( Fig. 5a and b) .
Another insertional inactivation of cotT was constructed by integration of the 263-bp RsaI fragment (Fig. 2) in pDE194. The resulting strain (NB2) contained one complete cotT gene copy, including the presumptive promoter region plus a partially deleted copy. Little, if any, CotT protein was found in spore coat extracts (3), however, or in immunoblots of extracts from sporulating cells (Fig. 4) , implying that there were regulatory sequences upstream of the RsaI site.
Properties of spores lacking the CotT protein. Despite the differences in spore coat structure (Fig. 5) , spores of strain NB200 were as resistant to heat, lysozyme, and n-octanol as wild-type spores. In addition, their responses to the germinant L-alanine plus 1 mM inosine (Fig. 6C ) (including studies at a variety of concentrations of these germinants between 0.1 and 10 mM) and to Penassay broth (3) were the same as the responses of the wild type. NB200 spores responded more slowly to the GFAK germination mixture, however, both without (Fig. 6A) and with (Fig. 6B) heat activation. The rates of germination of NB200 and the wild type were unchanged by up to 10-fold decreases in the concentration of either glucose or fructose in the GFAK mixture.
Effects of excess CotT protein on germination. Overproduction of CotT in B. subtilis JH642/T5A due to the presence of the gene on the vector pHP13 (five or six copies per chromosome) resulted in spores which were slow to germinate with or without heat activation in response to L-alanine plus inosine (Fig. 7A) , the GFAK mixture (Fig. 7B) , and Penassay broth (3) . Spores of this strain contained considerably more of the presumptive CotT precursors than did the wild type, in addition to a somewhat greater amount of the processed protein in their coats (Fig. 3, lanes 3 and 8) (2), and there appeared to be more striated layers in the inner coats of these spores than in the wild type ( Fig. Sc and d) .
A strain with two gene copies (JH642/pDE1) was constructed by cloning the complete cotT gene into pDE194 and introducing this clone into B. subtilis JH642 by transformation. Integration of the vector resulted in a strain with two gene copies, as confirmed by Southern hybridization and increased cotT mRNA content (3) . Extracts of JH642/pDE1 spores did not contain a large excess of CotT precursor (Fig.  8) , and the spores germinated in L-alanine plus inosine (Fig.  7C) , in the GFAK mixture, and in Penassay broth as well as did the wild type (3). More than 2 gene copies seem to be required for accumulation of CotT precursor on spores and for the germination defects found in B. subtilis JH642/T5A spores.
Mutagenesis of the cotT gene-processing site. In order to further investigate posttranslational processing of the CotT protein, a clone of the cotT gene in pDE194 containing the site-directed mutation R19I was introduced into B. subtilis JH642 to create a partial diploid containing one wild-type and one altered gene copy (JH642/pD633). The presence of two chromosomal gene copies was confirmed by Southern hybridization (3) . The large CotT precursor was found to accumulate on spores from the diploid (Fig. 8, lane 6) with somewhat less mature CotT protein (Fig. 8, compare lanes 1  and 3 and lanes 4 and 6) . These results differed from those obtained with the CotT diploid strain, in which most of the CotT was processed as in the parental strain (Fig. 8, lanes (6, 29) . The predicted translation product had a molecular mass of 10.1 kDa, whereas the mature coat protein isolated from spores was 7.8 kDa (2). The amino acid sequence of the amino-terminal portion of the larger CotT precursor isolated from spores of the overproducing strain, JH642/T5A, was in agreement with the predicted amino acid sequence starting at the TTG codon. Similarly, the mature CotT protein contained an N-terminal Q and a sequence which was consistent with the site of processing, as shown in Fig. 2 .
Processing probably involves a trypsinlike enzyme (2) , but the sporulation-associated trypsinlike protease II (26) is not the enzyme responsible, since spores produced by a mutant lacking this activity (24) contained a CotT protein similar to the wild type (3) . The CotT precursor may be processed after assembly into the coat, since in an overproducing strain (JH642/T5A) the CotT precursor could be extracted from well-washed spores (Fig. 3) (Fig. 3 and 4 ). There was no detectable accumulation of this second precursor in strains containing the R19I-mutated cotT gene (Fig. 8) , so the time and site of processing of this molecule from the larger precursor are unknown.
Strains not producing CotT antigen were obtained by recombinational integration of either the RsaI or the AluIRsaI fragment from the cotT gene (Fig. 2) (23, 30) . Spores lacking CotT protein were identical to wild type in their resistance properties, but they had a germination defect in response to the GFAK germination mixture. Reducing the concentration of glucose or fructose did not affect the germination rate. CotT could be a receptor for specific germinants, but it is more likely that its absence results in a perturbation of spore coat structure which alters the accessibility of a particular germinant to its site of action (receptor?). Other germination mutants have been described, and some are altered in their ability to respond to specific germinants (14, 21) , but in no case is the site of the defect known.
Overexpression of CotT on a low-copy-number vector resulted in spores that were defective in response to all of the germinants tested. This effect probably results from the presence of excess CotT precursor in the inner coat, as is suggested by the thickening of this layer ( Fig. 5c and d) . Supporting evidence that CotT is an inner coat protein arises from studies with a strain containing a null mutation in another coat protein gene, cotE (29) . These spores appear to lack the entire outer spore coat (29) , but CotT antigen could be extracted from intact spores and spore coats of this strain, although most was not fully processed (3) . Perhaps processing occurs during the assembly of the outer spore coat, and it may even be involved in these steps.
Spores of the cotT diploid strain B. subtilis JH642/pDE1 did not show the impaired germination found with B. subtilis JH642/T5A, suggesting that the products of more than two gene copies were required to have a phenotypic effect. A heterozygous diploid for cotT containing one copy of the mutant R19I gene and one copy of the wild-type gene also produced spores which germinated like the parental strain, despite a relative excess of CotT precursor protein in the spore coat. It appears that a germination defect (as in Fig. 7A and B) occurs when there is a critical excess of both the precursor and mature CotT proteins on spores, although an indirect effect due to excess gene copies of cotT cannot be ruled out. The R19I mutation in single copy also resulted in spores which germinated well, but these spores have not yet been examined for possible coat structure alterations.
Another low-molecular-weight coat protein, CotD (6) , is present in spores of the cotE deletion strain, so it is also likely to be an inner coat protein (3) . Spores lacking this protein germinated as well as did the wild type (3). Those from a CotD-overproducing strain (on plasmid pHP13 as described for cotT) germinated more slowly than those from the control, but the defect was not as marked as for the CotT overproducer (4) . The apparently normal germination of spores lacking an outer coat (3, 29) implies that any function for the spore coat in germination may be confined to the inner coat. The specific germination defect in a mutant lacking CotT, as well as the general defects in spores containing excess CotT or CotD protein, supports this hypothesis.
